ABSTRACT LATHAM, WILLIAM C. (MAIassachusetts Department of Public Health, Boston), DONALD F. BENT, AND LEO LEVINE. Tetanus toxin production in the absence of protein. Appl. Microbiol. 10:146-152. 1962. A modification of the MIueller medium for tetanus toxin production is presented, on which an adapted strain produces high yields of toxin (70 to 90 flocculating units per ml) in the absence of animal protein extracts.
of the variation is presented. Darkening of cultures during incubation indicates departure from optimal conditions. Heat input to the medium during autoclaving, originally undertaken solely for purposes of sterilization, is an important physicochemical factor in the toxigenicity of the cultuire.
In 1953 Stone reported from these laboratories the production of tetanus toxin of reasonable potency on the Mueller medium without heart infusion. He used for this purpose a variant of the Harvard strain of Clostridium tetani adapted to grow in the absence of heart infusion (Stone, 1953) . Using the original Harvard strain, consistently good yields of toxin had not been obtained unless a small amount of heart infusion was added to the medium (Fisek, Mueller, and Miller, 1954) . The advantages to be expected from the use of a protein-free medium were demonstrated the following year, by presentation of data on toxoid production showing a considerable reduction in nonspecific protein as well as greater ease and success in purification (Stone and Levine, 1954) . At that time the yield of toxin in the culture filtrates was consistently lower in the infusion-free medium than could be obtained in the complete Mueller medium. It was postulated, therefore, that omission of the infusion had so affected the interrelationis of the remaining components of the medium as to have altered the optimal concentrations as originally determined by MVlueller. A systematic re-examination of many of the variables of this rather complex medium was consequently undertaken, with the result that large-scale culture filtrates can now be routinely produced with concentrations of 70 to 90 flocculating units (Lf) per ml. This paper presents modifications of the medium and outlines typical experiments which show some of the interrelationis of the key constituents as they affect toxin yield.
MIATERIALS AND MIETHODS
Strain. Seed cultures used for inoculation were the Massachusetts strain of C. tetani. This strain has beeni adapted for toxin synthesis in a protein-free medium (Stone, 1953 (Mlueller and Miller, 1954) and the Mlassachusetts modification. The pH of the modified medium rarely needs adjustment and falls in the range of 7.0 + 0.2. The casein digest, N-Z-casel lot no. 90B6, was used in all experiments except those intended to show how toxin yield may vary with the batch of N-Z-case. Calcium phosphate precipitation for removal of inhibitory substances was carried out on all preparations of this digest (Mueller and Miller, 1954) .
Culture. Each experimental culture comprised 1 liter of medium dispensed into a 2-liter beaker which was covered with a layer of cotton and cheese cloth and autoclaved for 20 min at 121 C. This type of experimental container had Sheffield Chemical Company, Norwich, New York. 1) All independent variables, with one exception (Fig. 6) are imposed at logarithmic intervals.
2) All results are plotted arithmetically on the ordinate in terms of Lf per ml toxin found in the culture filtrate which is, of course, the criterion with respect to which optima are sought. 3) The concentrations of all constituents other than those involved in the planned variation are those of the Massachusetts modification (Table 1) , except as noted.
4) Each point in the graph corresponds to a 1-liter culture contained in a 2-liter beaker as indicated above. All such beakers in a given experiment were run simultaneously, and were constituted from a single batch of medium insofar as the planned variations of concentration permitted.
5) Every experiment presented was performed several times and found to be reproducible in its essentials.
An initial deviation from the Mueller medium consisted in the substitution of aii iron salt, FeCl3 6H20, for powdered iron. This made it possible to control the amount of iron in solution. The use of reagent-grade chemicals and low conductivity water, together with the coprecipitation of iron in N-Z-case incidental to the calcium phosphate treatment referred to under Medium, reduced the baseline iron concentration, as determined by direct assay, to negligible proportions. Iron concentrations are given in terms of this hydrate salt rather than as elemental iron to simplify the procedure for other workers who may desire to follow it.
RESULTS
Relationship of iron and N-Z-case concentration to yield of toxin. The simultaneous effect of iron and N-Z-case concentrations in the medium is illustrated by levels of iron and similar levels of N-Z-case, indicated that iron in excess of 32 mg of FeC13 6-6H20 per liter made no further contribution to the yield of toxin. The toxin produced was affected to a greater extent, however, by the N-Z-case concentration than by iron, in the range of 13.5 to 24 g per liter. Other experiments indicated no further improvement above about 24 g of N-Z-case per liter. The factorial design of the 3 X 3 experiment involving 27 response values made it convenient to perform a multiple regression analysis by means of which the significance of regressions and the presence or absence of interactions between iron and N-Z-case could be investigated. The data are listed in Table 2 for the region of apparent linearity. The results of the analysis indicated significant regressions of log iron concentration and log N-Z-case concentration on yield of toxin. Significant interaction between the two nutrients was found, as well as a positive test for curvature of the Lf-N-Z-case regression. However, when the analysis was recomputed on the basis of the logarithm of the yield, both the interaction and the curvature became nonsignificant, showing they had been artifacts of the measuring system. It was thus clear that the relation of each of these nutrients was independent of the other, and analogous to the usual exponential nutrientgrowth curve. By solving the linear polynomial equation for these data, the following expression was obtained, which predicts the toxin produced for any combination of the two constituents within the range of linearity:
Log Lf = 0.86 + 0.0885 log Fe + 0.685 log DN, tion of Fig. 1 shows that iron in excess of 32 mg of FeCl3-6H20 per liter is unlikely to increase toxin production and can indeed seriously inhibit it at less than optimal N-Zcase concentration.
An observation made in the course of these experiments was that some of the cultures after 24 hr of growth became suffused with a black pigment which gradually settled to the bottom of the container during continued incubation. In every case, the degree of blackening was inversely correlated with the yield of toxin. In those cultures which had the best yields (>70 Lf per ml), no blackening was apparent at any time and no black pigment was found on the bottom of the beaker.
Relationship of iron and phosphate concentration to yield of toxin. The preliminary purification of N-Z-case by calcium phosphate precipitation is carried out under conditions of slight phosphate excess. This is the only significant source of phosphate and it amounts to the equivalent of 0.17 to 0.25 g of that salt per liter of medium. This is a negligible amount relative to the addition required in the Mueller formula, namely, 2 g per liter. Fig. 2 Fig. 1 experiments involving a high Fe to N-Z-case ratio.
Iron, phosphate, and cystine. It is not possible to compare the soluble iron content of the Mueller medium with that of the Massachusetts modification because of the use of powdered iron in the former. It is probable, however, that considerably more iron was available than would be represented by our optimum, and therefore a number of experiments were carried out at higher iron levels, up to 200 mg of iron salt per liter (Fig. 1, 3, and 4) . Fig. 3 shows the relation between the amounts of iron and phosphate at two concentrations of cystine. Fig. 4 illustrates a similar experiment in which the N-Z-case concentration is varied in place of phosphate. Poor yields were again associated with black pigment early in the period of incubation, apparently as a consequence of the combined excess of both iron and cystine relative to the N-Z-case available. This inhibition was, however, overcome at the highest level of phosphate (Fig. 3b) . This may explain the need for phosphate in the Mueller medium in view of the use of a large but unknown amount of iron.
Cystine, glucose, and heat. Early in these experiments it was found that the amount of heat during the autoclaving of the medium was an important variable. Adequate heating appeared to be an indispensable physical requirement, aside from its sterilizing function. Heat apparently induced one or more chemical changes in the medium, presumably involving cystine. The evidence for this was an experiment in which the cystine was added in one case before, and in the other case after autoclaving two otherwise identical preparations of medium. In the case where cystine was added after autoclaving, the toxin yield was exceedingly low. It was of interest, therefore, to investigate the pattern of interaction of cystine, glucose, and heat according to the design of Fig. 5 . Four serial concentrations of cystine were used in all combinations with two levels of glucose and two time exposures to the autoclave at 121 C. The yield was satisfactory at all levels of cystine, provided the glucose concentration was 8 g per liter and autoclave time was 20 min. Otherwise cystine in excess of 125 mg per liter was inhibitory. Reduction of heating time, or of glucose concentration, or both, also inhibited toxin formation. The indicated time in the autoclave refers to our experimental 1-liter volumes of medium. Equivalent results in 10-liter volumes required 60 min at the same temperature, 121 C. The general relationship between volume and heating time appeared to be complex and was not determined. When excess cystine was associated with deficiency of glucose, of heat input, or both, as evidenced by the poor yield cultures of Fig. 5 , the familiar phenomenon of culture blackening occurred.
Batch variation of N-Z-case. Microbiologists are familiar with batch variation in commercial nutrient preparations and this has been a problem with the tryptic digest of casein used for tetanus toxin production. Successive batches, produced by apparently identical procedures, manifest wide differences in their toxin-producing capacity. This is clearly illustrated in Fig. 6 , which shows the yields of toxin from six different batches of N-Z-case. Three lots were satisfactory, one was very poor, and the remaining two were low intermediate. The reasons for these differences are unknown and their elucidation is a difficult but interesting problem on which work is going forward in these laboratories in cooperation with the Sheffield Chemical Company. The efficacy of each new lot is evaluated in this laboratory using lot no. 90B6 as a reference stanidard.
The omission of the calcium phosphate precipitation as I a pretreatment of N-Z-case resulted in an average loss of 50 % in toxin yield as was observed by Mueller (M1ueller and Miller, 1954) . The cultures of this group (Fig. 6 ) in which poor yields of toxin occurred were not associated with the early appearance of the black colloidal precipitate. All the cultures retained the pale yellow color of the medium which, in the case of most of the other groups of experiments, characterized only high toxin-producing cultures. Tyrosine. A considerable amount of tyrosine is present in casein digests. Some, but not all is removed in the calcium phosphate precipitation step. Our experiments showed that additional tyrosine was without effect on the yield of toxin, and therefore this amino acid was eliminated.
Growth stated. We believe we have added a few more empirical pieces to the puzzle, which may be summarized as follows: 1) Elimination of extraneous proteins from the medium without sacrifice of yield.
2) Knowledge of the range of iron concentrationi within which toxigenic activity of the culture can be varied and the mathematical nature of the variation.
.3) A reversal in the generally accepted prognosis of cultures which darken early in incubation.
4) Discovery of the importance of heat, aside from the sterilizing effect.
5) The interesting interaction between iron and cystine, wherein doubling cystine was without effect (Fig. 5a ), increasing iron up to 6 times the recommended amount was (Fig. 4a) , but increasing both of these constituents together causing a sharp drop in toxin yield (Fig. 4b) , associated with the blackening of the culture presumably due to FeS formation.
Point 3 is of special interest, because workers in the field have in the past looked for darkening of the culture as an indication that all was going well. AMueller and Miller (1948) thought it was worthwhile to describe the appearance of a satisfactory culture, in part as follows:
"In 18 to 20 hours the contents of the tube are dark in color presumably because of the formation of colloidal FeS. D)uring the second day turbidity, gas formation, and darkening increase progressively. Sometime during the third day the FeS begins to separate as a flocculent precipitate.
Further on, they make an observation which appears to foreshadow our finding:
"Cultures on media deficient in one respect or another behave somewhat differently. Frequently they become blacker than the control, the dark color persists, and even after 5 days the FeS has not settled."
Our work has convinced us that any darkening of the culture signifies operation under conditions other than the optima for the system. In all experiments involving logarithmically graded concentrations of each of several key constituents, the degree of blackening of the culture was observed to be inversely proportional to the yield of toxin. In the case of the best yields no darkening at all was apparent, the cultures retaining the pale yellow color of the medium. Those conditions in which poor-yield cultures did, and did not, produce the blackeniing effect are summarized in Table 3 .
The Lf values reported by MIueller were not obtained with a stan(lard antitoxin (AIueller and MIiller, 1955) , and were undoubtedly inflated in relation to present-day standards.
In our laboratories, comparisons of Lf values are probably valid, inasmuch as an entire 1.5)-liter lot (LAII) of concentrated, purified equine tetanus antitoxin was set aside as a flocculating standard in June, 1950 . This material has been checked from time to time against the national standard. In 1953, these laboratories reported median values of 42.5 and 27.5 Lf per ml of culture filtrate produced from media with and without veal infusion, respectively (Stone, 1953) . During the past 2 years, a large number of 10-liter lots of toxin have been produced in a medium without animal protein, by the methods herein described, with median values of 80 Lf and 600,000 MILD per ml. Thus the advantages of the eliminationi of heterologous proteins from the mediuim are available without any sacrifice of yield.
